Abstract. The aim of the present study was to determine the effects of the insulin-like growth factor 1 (IGF-1)/phosphatase and tensin homologue deleted on chromosome 10 (PTEN)/Akt/forkhead box (FoxO) signaling pathway on male reproduction in rats subjected to water immersion and restraint stress (WRS). Sperm morphology, sperm malformation rate, and serum testosterone concentration were analyzed following WRS. In addition, the expression levels and immunolocalization of IGF-1, PTEN, Akt and FoxO proteins, as well as the rate of cell apoptosis in rat testes, were investigated. The results indicated that sperm malformation rate, serum testosterone concentration, and the number of terminal deoxynucleotidyl transferase dUTP nick end labeling-positive cells were increased in the testes after WRS. Furthermore, IGF-1 and FoxO1 proteins were predominantly localized in the sperm cytoplasm during the late stages of spermatogenesis. FoxO1 protein was also localized in Leydig cell cytoplasm. PTEN and total Akt proteins were predominantly expressed in the cytoplasm of Leydig cells and spermatogonia. PTEN protein was also detected in vascular endothelial cells. In addition, IGF-1, PTEN, Akt1, Akt2, FoxO3 and FoxO4 gene expression levels were upregulated following WRS, and peaked after 7 h of WRS. During the recovery period, the expression levels of these genes gradually returned to normal levels. The present study demonstrated that WRS induced sperm damage in the testes. In addition, the results indicated that the IGF-1/PTEN/Akt/FoxO signaling pathway may serve an anti-stress role in the testes of rats subjected to WRS.
Introduction
It is well known that stress causes considerable harm to human health and also impairs livestock production. The hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS) are stimulated by exogenous and endogenous factors, which may induce stress reactions, thus triggering compensatory physiological responses (1) . After the HPA axis and SNS receive stimulatory signals, the secretion of glucocorticoids and catecholamines is increased. Glucocorticoids exhibit feedback inhibition on HPA function through binding with receptors in the pituitary gland, hypothalamus and prefrontal cortex (2) . Long-term stress may cause depression and neurological disorders in animals and humans. Behavioral stress is a major risk factor for several clinical disorders, including cardiovascular disease, metabolic disease and psychosis. Furthermore, stress is associated with mental disorders, such as anxiety and personality disorders. Several studies have demonstrated that stress can increase the incidence of diseases, including gastroenteritis (3) (4) (5) . However, research on stress and male reproduction is fairly limited.
The insulin-like growth factor 1 (IGF-1)/phosphatase and tensin homologue deleted on chromosome 10 (PTEN)/Akt/forkhead box (FoxO) signal pathway serves important roles in various cells and tissues (6, 7) . IGF-1 has a role in signal transduction by binding to its receptor, and subsequently regulating cellular processes via phosphorylation (8) . Phosphoinositide 3-kinase (PI3K)/Akt is the key downstream signaling pathway of IGF-1, which regulates cell proliferation, growth and apoptosis. The Akt family, also known as protein kinase B, has three members: Akt1, Akt2
Effects of the IGF-1/PTEN/Akt/FoxO signaling pathway on male reproduction in rats subjected to water immersion and restraint stress and Akt3, which have high homology and specific expression patterns. Akt1 and Akt2 are widely expressed in tissues and cells; however, Akt3 is only expressed in specific tissues and cells (9) . PTEN is a tumor suppressor gene with phosphatase activity, which regulates cell proliferation cycles and inhibits cell migration. PTEN is the phosphatase of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), reverses the transformation of phosphatidylinositol 4,5-bisphosphate to PIP3, inhibits PI3K phosphorylation, suppresses the activity of Akt and downstream kinases, arrests the cell cycle at G 1 phase, and negatively regulates cell growth (10) . FoxO is one of the most important target genes of the downstream IGF-I/PTEN/Akt signaling pathway, and includes FoxO1, FoxO3a, FoxO4 and FoxO6 (11) . FoxO is regulated by Akt phosphorylation (12) , following which its nuclear export is inactivated; therefore, the activation of apoptotic genes downstream of FoxO is inhibited. During this process, the nuclear-cytoplasmic trafficking of FoxO is ultimately involved in the regulation of cell apoptosis (13) . Water immersion and restraint stress (WRS) has been reported to increase the expression of IGF-1 in rat gastric mucosa tissue, and regulate cell apoptosis of the gastric mucosa via the PI3K/Akt signal pathway (14) . IGF-1 is a specific anti-apoptotic factor present in mouse Leydig cells during embryonic developmental stages (15) . IGF-1 also serves an important role in the proliferation and differentiation of mouse Sertoli cells, through the PI3K/Akt signal pathway during the adolescent stage (16, 17) . In the proliferation and differentiation of Sertoli cells of 20-day-old mice, follicle-stimulating hormone (FSH) can activate the PI3K/Akt signaling pathway. The role of PTEN in spermatogenesis also remains controversial. Wu et al hypothesized that PTEN may have a role in the late stage of sperm development (18) . Dupont et al demonstrated that estrogen induced testicular tumors in mice via the PTEN/Akt signal pathway (19) . Similarly, Kimura et al revealed that PTEN gene knockout could lead to testicular tumors in mice (20) . The expression levels of PTEN were gestational age-specific in the fetal rat testes, thus suggesting that PTEN may have a key role in fetal rat testis development (21) . However, Huang et al reported that PTEN did not serve a role in regulating spermatogenesis in mice (22) . Previous reports have also focused on the role of FoxO in male reproduction. FoxO1 has a crucial role in the initiation of spermatogenesis; however, two other members, FoxO3a and FoxO4, do not appear to serve any roles (23) (24) (25) (26) . Therefore, the IGF-1/PTEN/Akt/FoxO signaling pathway may have an important role in male reproduction.
In the present study, immunohistochemistry (IHC), terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and quantitative polymerase chain reaction (qPCR) were conducted to investigate the effects of WRS on male reproductive function in rats. In addition, the possible roles of the IGF-1/PTEN/Akt/FoxO signaling pathway were investigated following WRS. Animals and sample collection. A total of 50 intact male Sprague-Dawley rats (age, 9-11 weeks; weight, 200-220 g) were obtained from Qinglongshan Experimental Animal Breeding Farm (Nanjing, China) for use in the present study. Uniform commercial diets used in the present study were also purchased from Qinglongshan Experimental Animal Breeding Farm. Rats received regular rat chow and tap water ad libitum, and were housed individually at 25˚C and 65-70% humidity under a 12-h:12-h light/dark cycle. WRS models were established as described in our previous study (27) . For each time point, six rats were sacrificed after 0, 3 and 7 h of WRS, whereas others were fed normally 1 h after WRS and six were sacrificed at several time points (4, 8 and 15 days) after the end of 7 h WRS. Rats were anesthetized with ether inhalation and sacrificed by cervical dislocation. In order to examine protein localization and conduct TUNEL staining, testicular samples were immediately removed from anesthetized rats and fixed in 4% (v/v) paraformaldehyde at room temperature overnight. In addition, testicular samples were stored in liquid nitrogen for the analysis of gene expression and caspase-3 activity. All procedures were designed in accordance with generally accepted ethical standards for animal experimentation and the guidelines established by the institutional animal care and use committee of Jiangsu University (Jiangsu, China).
Materials and methods

Reagents
Epididymal sperm reserves. Epididymal sperm morphology was observed as described previously (28) . Briefly, cauda epididymides were sampled, and gently minced in 2.0 ml phosphate-buffered saline (PBS). The minced material was then homogenized for 1 min, filtered through a nylon mesh screen, and the filtrate was brought up to a final volume of 10 ml with PBS. Epididymal sperm morphology was observed under a high power light microscope following Giemsa staining (Shanghai Gefan Biotechnology, Co., Ltd., Shanghai, China) at room temperature. The morphology of 200 sperm per rat was evaluated. The sperm malformation rate percentage was then calculated using a random selection of one optical area, in which 200 sperm were consecutively evaluated for malformation.
Assessment of apoptotic cell number.
The testicular samples were embedded in paraffin wax and cut into 7-µm sections. The TUNEL staining was performed using a one-step TUNEL Apoptosis Assay kit, as described previously (29) . Briefly, testicular cells were counterstained with DAPI (Beyotime Institute of Biotechnology) to label all nuclear DNA, and fragmented DNA was end-labeled with fluorescein isothiocyanate-labeled dUTP using terminal transferase. The sections were then examined under a confocal immunofluorescence microscope (LSM5 PASCAL; Carl Zeiss, Oberkochen, Germany). Sections exposed to DNase I, which causes DNA fragmentation, exhibited intense nuclear staining and were used as positive controls. For negative controls, dUTP was omitted, resulting in uniformly negative staining. Ten optical areas, containing 500-1,000 cells, were counted in each slide under high-power (400x) microscopy and the number of positive cells per area was counted.
Determination of caspase-3 activity. Testicular samples (n=6 for each treatment) were rinsed with cold PBS, and homogenized on ice in lysis buffer (3-10 mg/100 µl). Homogenates were transferred to 1.5 ml centrifuge tubes, lysed on ice for 5 min and centrifuged at 18,000 x g for 10 min at 4˚C. Caspase-3 activity was determined in the lysates of testicular samples from rats that underwent various treatments using a caspase-3 activity kit. Briefly, this colorimetric assay is based on hydrolysis of the substrate peptide, Ac-DEVD-pNA, by caspase-3. The released moiety (p-nitroaniline) has a high absorbance at 405 nm. Therefore, the concentration of p-nitroaniline (µM) released from the substrate is calculated from the absorbance values at 405 nm, or from a calibration curve prepared using defined p-nitroaniline solutions (30) .
IHC for IGF-1 (1:1,00), PTEN (1:200), total Akt (1:200) and FoxO1 (1:300) was performed on formalin-fixed, paraffin-embedded testicular tissue sections using a standard protocol, as described previously, using DAB and hematoxylin counterstaining (27, 31) .
RNA extraction, reverse transcription and qPCR. Total RNA was extracted from testicular samples using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA concentration and purity were determined using a spectrophotometer (NanoVue; GE Healthcare, Piscataway, NJ, USA), and the integrity was examined using 1.2% agarose gels containing 0.1% ethidium bromide. Total RNA (1 µg) obtained from each extraction was reverse transcribed in a 20 µl reaction volume using an RT reagent kit with gDNA Eraser according to the manufacturer's protocol. The primers (Thermo Fisher Scientific, Inc.) were designed based on the corresponding gene sequences (Table I) . qPCR was performed with a 20 µl reaction volume containing 2 µl template cDNA, 0.4 µl forward/reverse primers, 10 µl 2X SYBR qPCR mix and 0.4 µl ROX reference dye (Takara Bio, Inc., Otsu, Japan). on an ABI 7300 instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR conditions were as follows: 95˚C for 10 min, followed by 45 cycles of denaturation at 95˚C for 15 sec and 60˚C for 45 sec. Experiments for the detection of all genes, including the housekeeping gene hypoxanthine phosphoribosyltransferase 1 (HPRT), were performed in triplicate. The relative expression levels of the genes tested were calculated using the 2 -ΔΔCq method (32).
Testosterone concentration. Rat blood samples were obtained from the heart and transferred to centrifuge tubes. After 2 h standing at room temperature, samples were centrifuged at 1,400 x g for 10 min at 4˚C to obtain serum. Testosterone concentrations in the serum were detected using a commercial radioimmunoassay kit (cat. no. DF00008; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's protocols. The cross-reaction rates of this antiserum with progesterone, cortisol, estradiol and dehydroepiandrosterone (Beijing North Institute of Biological HPRT ( Technology, Beijing, China) were <0.01%. The intra-coefficients of variation for androgen determination in this laboratory were <9%. Treatments were performed in triplicate, and each experiment was repeated at least three times.
Statistical analysis. SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used to conduct statistical analyses. All experiments were repeated in triplicate, and representative data is presented. Data are presented as the mean ± standard error of the mean. Data were analyzed using one-way analysis of variance and Fisher's protected least significant difference test. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of WRS on sperm malformation rate.
Following WRS, sperm in rat epididymis exhibited several morphologies, as follows: Normal morphology (control group, Fig. 1A) , malformation in the tail (7 h group, Fig. 1B; 3 h group, Fig. 1C ; 15 day group, Fig. 1D ), malformation in the middle (3 h group, Fig. 1E ), and decapitated sperm (7 h group, Fig. 1F ). In addition, WRS increased the sperm malformation rate in the rat epididymis (Fig. 2) . When WRS was extended to 7 h, the sperm malformation rate was significantly higher compared with in the other groups (P<0.05; n=6).
Effects of WRS on serum testosterone concentrations.
Testosterone concentrations in the sera of rats 3 and 7 h after WRS were increased in a time-dependent manner, as compared with the control group (P<0.05; n=6). On days 4, 8 and 15 after 7 h WRS, testosterone concentrations were gradually decreased compared with in the 7 h WRS group (Fig. 3) .
Effects of WRS on apoptosis in rat testes.
Testis tissue sections were stained using the TUNEL method, in order to determine the quantity and distribution of apoptotic cells, and examine nuclear condensation and fragmentation (Fig. 4) . Sections exposed to DNase I, which causes DNA fragmentation, exhibited intense staining of all nuclei and were used as positive controls (data not shown). Sections stained using the described procedure, but without the terminal deoxynucleotidyl transferase enzyme exhibited no staining and were used as negative controls (Fig. 4S-U) . In the testis of non-WRS rats, a small amount of labeling was detected, which was predominantly (Fig. 4A-C) . Compared with in the control group, the distribution of TUNEL-positive cells in rat testis following WRS was not markedly altered ( Fig. 4D-R) . The number of TUNEL-positive cells in the rat testes subjected to 7 h WRS was significantly increased, compared with in the control group ( Fig. 5A ; P<0.05; n=6). Subsequently, from day 4 to 15 after 7 h WRS, the number of TUNEL-positive cells in the testes decreased gradually, and on day 15, the number of TUNEL-positive cells recovered to normal levels (Fig. 5A ).
To confirm cell apoptosis in the testes of WRS rats, caspase-3 activity was detected in the testes using a colorimetric assay. As shown in Fig. 5B , caspase-3 activity in the testes following WRS was not significantly different compared with in the control group (P>0.05).
Immunohistochemical localization of IGF-1, PTEN, total Akt and FoxO1 in the testes of rats after WRS.
To assess the localization of IGF-1, PTEN, total Akt, and FoxO1 in rat testes, sections from WRS rat testes were stained with specific antibodies targeting these proteins (Fig. 6) . IGF-1 (3 h group, Fig. 6A; 4 day group, Fig. 6B ) and FoxO1 (control group, Relative expression levels of IGF-1, PTEN, Akt1, Akt2, Akt3 and FoxO1 in rat testes after WRS. The expression levels of selected genes were analyzed using qPCR. Amplification products were identified through melting curve profile analysis and were confirmed with gel electrophoresis and sequencing. The relative transcript of each target gene was normalized to HPRT (Fig. 7) . All selected genes were transcriptionally active. The mRNA expression levels of IGF-1, PTEN, FoxO1 and Akt2 were increased in the testes of rats subjected to WRS; the levels reached their peak after 7 h of WRS. In the recovery phase, the expression levels of these genes gradually dropped to normal levels. In addition, the results indicated that WRS did not affect Akt1 and Akt3 gene expression in rat testes.
Discussion
The WRS rat has been widely used as a model of gastroduodenal mucosal lesions; however, to the best of our knowledge, the effects of WRS on male reproductive function have not been reported. In the present study, the WRS rat was used to investigate the effects of WRS on the reproductive function of adult male rats. The results indicated that WRS increased sperm malformation rate and serum testosterone concentrations, thus suggesting that WRS induced sperm damage in rats. There may be two reasons by which WRS causes damage: i) When generating the WRS model, the water temperature was 20±2˚C, whereas the room temperature was 30˚C, indicating that the sudden temperature change may cause sperm damage in rats; ii) environmental stress affects the HPA axis function, which may increase testosterone concentration in rats and ultimately affect sperm morphology; however, the specific mechanisms require further study. The caspase family serves an important role in mediating cell apoptosis, and caspase-3 serves as a key execution molecule. Caspase-3 normally exists in the form of zymogen (32 kD) in the cytoplasm, which is activated in the early stages of apoptosis. The activated caspase-3 consists of one large subunit (17 kD) and two small subunits (12 kD), which recognize related substrates in the cytoplasm and nucleus, eventually leading to apoptosis. Creagh et al demonstrated that numerous external stressors induce apoptosis, then inhibit caspase activity (33) . In the present study, the effects of WRS on apoptosis in the rat testes were investigated by caspase-3 activity assay and the TUNEL method. The results indicated that WRS increased the number of TUNEL-positive cells, and the TUNEL-positive cells were predominantly distributed in spermatoblasts that were in the late stages of spermatogenesis in the seminiferous tubules; however, caspase-3 activity was not changed. These results suggested that WRS may induce damage to the spermatoblast in the late stages of spermatogenesis.
The IGF-1/PTEN/Akt/FoxO signaling pathway serves critical roles in regulating cell differentiation, migration and apoptosis in various cells and tissues (34) . The present study demonstrated that WRS induced rat sperm damage. To confirm whether the IGF-1/PTEN/Akt/FoxO signaling pathway was involved in the anti-damage mechanism of sperm, the localization and expression levels of IGF-1, PTEN, total Akt and FoxO proteins were detected. The results indicated that the IGF-1 protein was widely expressed in sperm cytoplasm, during late stage spermatogenesis. In addition, WRS increased the gene expression levels of IGF-1 in rat testes. Similarly, a previous study reported that WRS could increase the expression levels of IGF-1 in rat gastric mucosa, which was able to regulate the downstream PI3K/Akt signaling pathway via cyclooxygenase-2, and participated in regulation of gastric mucosal cell apoptosis (35) . Colon et al demonstrated that IGF-1 is a cell-specific anti-apoptotic factor in mouse testes during embryonic development (36) . In the newborn period, IGF-1 served an important role in sustentacular cell differentiation and proliferation via the PI3K/Akt signaling pathway in mouse testes (16, 17) . Unlike previous studies, mature rats were used in the present study, thus suggesting that IGF-1 may serve different roles at different developmental stages of testicular tissue; this requires further investigation. In addition, the gene expression levels of IGF-1, which has been recognized as an anti-apoptotic factor, were elevated after WRS, thus suggesting that IGF-1 may be involved in anti-injury mechanisms in sperm.
Several studies have reported that Akt widely participates in the growth and development of testicular tissue and serves a critical role in cell differentiation and proliferation (16, 17, 36 (20) . Furthermore, PTEN gene expression in fetal rat testes has been shown to be age-specific, thus suggesting that PTEN has an important role in fetal rat testis development (21) . However, Huang et al reported that during mouse spermatogenesis, PTEN did not have a key role in spermatogenesis regulation (22) . The present study demonstrated that PTEN and total Akt proteins were predominantly localized in the cytoplasm of Leydig cells and spermatogonia, and PTEN was also expressed in vascular endothelial cells. In addition, the results of a qPCR demonstrated that WRS increased gene expression levels of PTEN and Akt2 in rat testes, thus indicating that PTEN and Akt2 may be involved in the anti-stress mechanism of testes in rats subjected to WRS.
FoxO genes are the most important downstream target genes of the IGF-1/PTEN/Akt signaling pathway, which participate in several physiological processes, including cell differentiation, proliferation, apoptosis, migration and stress resistance (38) . Our previous study demonstrated that FoxO3a and FoxO4 serve major roles in the digestive tract (27, (39) (40) (41) . A previous study regarding the male reproductive system demonstrated that FoxO1 served a key role in initiating spermatogenesis; however, FoxO3a and FoxO4 did not (39). In conclusion, WRS induced sperm injury in rat testes. These results suggested that the IGF-1/PTEN/Akt/FoxO signaling pathway may serve an anti-stress role in the testes of rats subjected to WRS. Future research will study the effect of IGF-1 on male reproduction and the involvement of the IGF-1/PTEN/Akt/FoxO signaling pathway.
